Abstract Dendritic cells (DCs) are specialized immune sentinels that play key role in maintaining immune homeostasis by efficiently regulating the delicate balance between protective immunity and tolerance to self. Although DCs respond to maturation signals present in the surrounding milieu, multiple layers of suppression also co-exist that reduce the infringement of tolerance against self-antigens. These tolerance inducing properties of DCs are governed by their origin and a range of other factors including distribution, cytokines, growth factors, and transcriptional programing, that collectively impart suppressive functions to these cells. DCs directing tolerance secrete anti-inflammatory cytokines and induce naïve T cells or B cells to differentiate into regulatory T cells (Tregs) or B cells. In this review, we provide a detailed outlook on the molecular mechanisms that induce functional specialization to govern central or peripheral tolerance. The tolerance-inducing nature of DCs can be exploited to overcome autoimmunity and rejection in graft transplantation.
Introduction
Since the discovery of dendritic cells (DCs) in 1973 by Dr. Ralph Steinman and Dr. Zanvil A. Cohn [1] , numerous studies have been conducted to understand the complex biology of these cells. Based on their functional responses, DCs have been described as Bgatekeepers of the immune system^, able to orchestrate the components of the immune system for a favorable effect in an organism [1, 2] . As gatekeepers, DC maintain immune homeostasis by both activating adaptive immunity or contributing to tolerance. DCs that stimulate adaptive immunity have been referred to as stimulatory DCs (sDCs) while those that suppress immune response have been termed tolerogenic DCs [3] .These terms describe DC by their functional state, and are not intended to confer that a single subset is solely dedicated to one state or another at all times.
How are tolerance and immunity simultaneous achieved?
Under steady-state conditions, naïve or immature DCs (iDCs) are poorly immunogenic. However, once these cells sense Bdanger^signals in the periphery (such as by pattern recognition receptors such as Toll-like-receptors), they differentiate into mature DCs (mDCs) with an upregulated expression of MHC, co-stimulatory molecules and chemokine receptors (eg. CCR7). This enables DC migration to the nearest lymph nodes for antigen presentation to T cells [4] [5] [6] [7] [8] . In translating these innate cues such as TLR mediated danger signals, into an adaptive outcome, DCs provide a bridge to link these innate and adaptive immune arms. The concept that immature DCs tolerize, and mature DC's prime, however is a likely oversimplification [9] . iDCs that have matured in the absence of inflammatory signal acquire the Bsemi-mature^phenotype This article is a contribution to the special issue on Dendritic Cell Subsets and Immune-mediated Diseases -Guest Editor: Francisco Quintana and express CCR7 receptors like mDCs but exhibit regulatory or tolerogenic functions [10] . Furthermore it remains unknown how during an ongoing immune response in vivo tolerance and immunity are simultaneously orchestrated.
In addition to maturation, localization is a key variable in DC activity. In their capacity as sentinels, DC distribute broadly in peripheral tissues (eg. skin, lung, meninges/choroid, mucosa) where they exhibit a high turn-over rate, patrol and migrate from peripheral tissues to draining lymphoid organs. These DC may be pre-conditioned towards greater selftolerance or upon tissue entry acquire phenotypic and functional changes in response to environmental stimuli to achieve tolerogenic vs. immunogenic function. DC in tissues encounter a variety of foreign antigens and maintain tolerance in response to both sterile and non-sterile injury, while existing in tissues with variable rates of turn over. It remains unknown if and how these cells have evolved conserved mechanisms of maintaining self tolerance. Homeostatic maturation linked to migration from tissues and leading to tolerance [11, 12] has been distinguished from danger signal based licensing leading to adaptive immunity [13] .
DCs achieve their regulatory function by inducing apoptosis of inflammatory T-cells, restoring immune homeostasis (regulating pro-and anti-inflammatory reactions), and/or by expansion of regulatory T cells (Tregs) [14] [15] [16] . Inhibiting the destruction of self-reactive T cells that have escaped thymic selection is also mediated through peripheral tolerance of DCs, thus limiting chances of autoimmunity [17] . DCs have a critical role in maintaining peripheral tissue homeostasis in the steady state, permitting self tolerance [18] . Conditioning DCs to impart tolerance has clinical utility in diseases such as graft-versus-host-disease (GvHD) [19] [20] [21] . In this chapter, we will provide background on the origin and differentiation of DCs, known factors that influence their tolerogenic properties, processes regulating DC mediated Treg function, and therapeutic opportunities associated with their tolerogenic face.
Overview of DC subsets and functional specialization
As sentinels, DC are functionally, programmatically, and phenotypically diversified into several cellular subsets (or subtypes) in lymphoid organs, circulation and tissues. DCs may be categorized primarily into four classes based on their phenotypic and functional maturation: myeloid or classical (also called conventional) DCs (cDCs), plasmacytoid DCs (pDCs), monocyte-derived DCs (moDCs), and Langerhans cells (LCs) [22, 23] . pDCs and cDCs participate in inducing both adaptive immunity and tolerance while moDCs develop mainly under conditions of inflammation. Langerhans cells (LC), are present in the steady state and are distinct members of the monophagocyte lineage, which like Kuppfer cells of the liver or microglia of the brain are tissue specific [24, 25] .While sharing common cell surface markers and functionality with myeloid or classical DCs, LC develop from precursors and progenitors in the macrophages and monocytes lineage and thus have undergone recent reclassification. Like other DC, LC induce either tolerance or active immunity depending on the environmental stimuli [22] .
DCs in mice express the integrin CD11c and MHC-II in varying amounts, and can be further classified phenotypically based on the expression level of markers such as CD8α, CD4, CD11b, PDCA-1, Langerin along with a continuous growing list of other markers. Differential expression of these markers defines sub-populations or contributes to the mixed DC subsets that reside in specific organs, particularly the secondary lymphoid organs (SLOs) [5, 26] . Phenotypically, classical DCs (cDCs) exhibit high levels of CD11c and MHC-II, while plasmacytoid cells (pDCs) that are specialized type I interferon (IFN) producing cells show low expression of the same markers [5, 27] [28] has been described in mice. This nomenclature was recently simplified based on DC development and can now be described as classical type 1 or 2 DCs (cDC1s or cDC2s), in which cDC1s comprise of CD8α + and CD103+ while cDC2s represent CD11b + and CD172a + DC populations [29] .Use of CD8α + expression as a distinguishing feature on DCs is specific to mice [19] as in humans these populations are decribed as BDCA1+ (which corresponds to CD11b + CD4 + CD8α − DCs) or BDCA3+ DC (which corresponds to CD11b − CD4 − CD8α + DCs). Pre-DCs that mark their entry into lymph nodes through high endothelial venules (HEV) is shown to express high levels of CD62L and inhibition of this receptor prevented the accumulation of cDCs in the LNs, but not in the spleen where entry of pre-cDCs occur through marginal sinuses [30] .
Peripheral tissue Migratory DCs (migDCs) in contrast patrol peripheral tissues like skin and mucosa where they are exposed to continuous environmental signals. In the steady state 5-7 % have been estimated to navigate to nearest lymph node for antigen presentation to T cells [12] ( while under local inflammatory conditions their migratory rate is significantly increased [6, 8] . Transendothelial migration of pre-DCs to non-lymphoid tissues such as skin is mediated by receptorligand interactions, such as CCR4-CCL22/CCL17, CCR6-CCL20, CCR2-CCL2, CCR5-CCL5, and CXCR3-CXCL9/ CXCL10/CXCL11. On attaining maturation, DCs primarily express the chemokine receptors CCR7 (ligands CCL19 and CCL21) and CXCR4 (ligand CXCL12) [5, 8] . These chemokines are secreted to the microenvironment by the endothelial cells of the lymphatic vessels or by the stroma cells of the lymph node [31, 32] . All DC of the skin are capable of migration and include LC of the epidermis as well as dermal or interstitial DC.
Epidermis Langerhans cells (LCs) were initially considered nerve cells of the skin due to their long dendrites when identified by Paul Langerhans in 1868 [33] . LC are found within the epidermis and mucosae of the skin while dermal DCs (dDCs) majorly reside in the dermis of the skin. LCs are characterized by the presence of an intracellular organelle called Birbeck granules (BG) and expresses high levels of its associated protein Langerin/CD207, a C-type lectin receptor that is responsible for the development of these granules [34] 
Overview of DC origin and differentiation
Early precursors The multipotent CD34 + hematopoietic stem cells (HSCs) in the bone marrow acts as the precursor to multilineage progenitors which gives further rise to the common lymphoid progenitor (CLP) as well as the common myeloid progenitor (CMP) populations. These CLPs and CMPs have the potential to generate into any DC subtypes (cDCs and pDCs), suggesting developmental flexibility in DC formation [26, 57, 58] . Adoptive transfer of these early precursors into irradiated animals has shown high potential in cDC and pDC generation [57] [58] [59] [60] . Although CMPs and CLPs have almost similar efficiency to produce DCs at single cell level, CMPs exceed in cell population and therefore serve as the major DC precursor. CMPs generate LN and splenic DCs efficiently while CLPs contribute highly towards production of thymic DCs and meager level of splenic DCs [58, 61] . Thymic cDCs have also been shown to originate from thymic precursors residing locally in thymus [58, 59] . However, the ability of CLPs or CMPs to differentiate into DCs is confined to only those subsets expressing Flt3 (fms-related tyrosine kinase 3) receptor (also known as CD135), a kinase with strong homology to c-fms and c-Kit [62, 63] . Interaction of Flt3 with Flt3 ligand (Flt3L, a cytokine) induces the generation of cDCs (or pre-cDCs) and pDCs under steady-state conditions [63] [64] [65] . Pre-cDCs migrate to lymphoid and other nonlymphoid tissues from the bone marrow to ultimately differentiate into mature cDCs [28] . Mice lacking expression of the Flt3 receptor (in some cases also referred as Flk-2) or production of Flt3L DC-poetin show severe decreases in pDC and cDC subsets [66, 67] . On the other hand, Flt3
− progenitors lacking the ability to generate DCs were enforced to produce both plasmacytoid and conventional DCs on transfection with Flt3 [68] .The cDCs and pDCs residing in blood, peripheral organs or lymphoid organs represent the Bimmature^stage of the cell whose primary function is to maintain immune homeostasis until they encounter an antigen to finally differentiate into mature DCs with immunogenic nature. This model of development suggests that all DCs may be tolerogenic at initial differentiation from their precursors, unless further triggered by an environmental insult. DC functional plasticity is then further determined during their differentiation process, which governs their final outcome depending on the surrounding factors. Central to this premise is that tolerogenic programing should be shared as part of a core signature expressed in all immature DC irrespective of origin. How such programing is governed or maintained is unknown.
Intermediate precursors Commitment to specific DC subtypes is further controlled by intermediate precursors that are devoid of lineage specific markers (lin − ) but retain the early HSC surface markers like CD117 and act as common precursors for both macrophages and DCs in the bone marrow [69] . This defines the nature of myeloid precursors to differentiate into a macrophage dendritic cell progenitor (MDP) lineage with Lin − c-kit [69, 70] . These MDPs could generate lymphoid and non-lymphoid resident cDCs, some pDCs and macrophages, but were not observed to produce any granulocytes. This may be further supported by two other studies in which cell populations in the marrow having a CD31
phenotype were found to show restricted developmental potential and to serve as the precursors of cDCs, pDCs and macrophages [66, 71] .
Common dendritic progenitors (CDPs), identified as giving rise to cDCs and pDCs were initially isolated from bone marrow with the phenotype Lin . These CDPs on being transferred to lethally irradiated, sublethally irradiated or unirradiated animals generated splenic and LN cDCs and pDCs, but no macrophages [63, 64] . MDPs have slightly higher expression of the stem cell factor c-kit (or CD117) and sustain its cellular proliferation in the presence of M-CSF in contrast to CDPs which are more Flt3 dependent [63] . This finding draws a lineage that CDPs are the immediate downstream progeny of MDPs along with monocytes. cDCs, but no pDCs [28] .Based on the persistent expression of the receptor Flt3 in all the precursors of cDCs, it has been revealed that these pre-classical DCs (pre-cDCs) might have their origin from CDPs in the bone marrow where they acquire the last stage precursor phenotype and later on home to lymphoid and non-lymphoid tissues through the blood circulation [30, 70] . Final differentiation of pre-cDCs into the immature conventional DCs occurs in the local migrated tissues. Even in nonlymphoid tissues such as liver, kidney and intestine, pre-cDCs have been shown to develop into cDCs with CD103 and some CD11b expression [72, 73] . The pDC in contrast is thought to have developed completely in the bone marrow and probably thereafter migrate to other tissues through the blood stream [26] .
Downstream precursors Downstream precursors which further give rise to only a defined group of DCs were identified in t h e c a s e o f m o u s e s p l e n i c D C s w i t h CD11b
Although monocytes usually contribute to DC formation only during inflammatory conditions, few recent reports have highlighted their involvement in the production of CD103 − CD11b + DCs in the intestine, FcγRI + DCs in the muscular tissues and CD11b + Esam lo DCs in the spleen during steady-state conditions [70, 72, 74, 75] . One caveat to these studies is that they are based on phenotypic population sorting and adoptive transfer to define lineages. While these markers help to enrich populations and may do so sequentially they may fail to appropriately discriminate one progenitor cell from another. Now with the advent of single cell sequencing it is likely a variety of committed intermediates may be rapidly identified suggesting commitment to a fate may happen earlier in immune development from the bone marrow. As such recently preDC subsets giving rise to classical DC were identified [25, 26] .
Peripheral DC precursors
Langerhans cell precursors Langerhans cells (LCs) constitute the major migratory DC population in the peripheral tissues (both dermis and epidermis) and undergo transit to the neighboring lymph nodes at a basal level in the steady state. Mouse skin contains a reservoir of LC precursors, which have their origin in Ly6C expressing mouse monocytes. The Ly6C + inflammatory monocytes differentiate into MHCII + Langerin + expressing LC cells within few days in the skin and CSF-1R serve as one of the critical factors in the migration and generation of skin LCs from these precursors [76] . This portends that the population of LCs in steady state may be derived from non-inflammatory Ly6C + monocytes during the early developmental stage as mice deficient in CSF-1R (or M-CSFR) monocytes has been shown to lack Langerhans cells [26, 76] . However, another study has emphasized the role of monocytes derived from fetal liver to be the immediate precursor of the major LC pool with yolk-sac myeloid progenitors contributing to only 10 % of the total pool [77] . LC regeneration in skin could also be attained from Flt3 + hematopoietic precursors which have been transferred to these peripheral tissues, although mice lacking M-CSFR expression showed no Flt3 + differentiation into LCs signifying the key role of this receptor in LC development [26, 78] . Dependence on M-CSFR and evidence of monocytic origin suggests that LCs possess a distinct developmental pathway in comparison to their splenic DC counterpart. Thus, LCs of the skin and some other tissue-specific DCs follow a different pathway of development unlike conventional DCs which are Flt3 dependent. Mice deficient in M-CSFR fail to generate LCs, thereby identifying the M-CSF/M-CSFR axis as a critical factor in this unique DC subset generation [76] .
Dermal DC precursors The dermal DCs have a short life span and a minor subset of these DCs also expresses the endocytic receptor langerin. In the steady state these cells are largely derived from precursors such as pre-cDCs (Langerin + CD103+, CD11b+, CD11b-) or are monocytederived. The generation of dermal cDCs from pre-cDCs is dependent upon Flt3 ligand [43] while monocyte-derived dermal DCs originate from Ly6C + expressing monocytes that require CCR2 signaling [25, 51, 79] .
Hematopoetic factors influencing the capacity for DCs to maintain homeostasis
Dendritic cell function is not only governed by late differentiation cues such as danger signals that define their final phenotypic or functional state but also those factors that regulate DC development, to permit inflammatory or tolerogenic activity. Signals that drive the fate of DCs include growth factors, transcription factors and cytokines. DC development from the HSC precursor requires Flt3L-STAT3 signaling pathway. Mice deficient in signal transducer and activator of transcription 3 (STAT3, a transcription factor operating downstream of Flt3) show low levels of DC numbers indicating that STAT3 contributes to Flt3L induced DC differentiation in steady-state [80] . Although Flt3L signaling has been known to be the major contributing factor in DC development, GM-CSF and STAT5 signaling also contribute to immature DC generation [2, 81] . Transgenic mice that overexpress GM-CSF have shown moderate increase in the DC population [82] . GM-CSF, which is generated by activated NK cells, T cells and by tissue stromal cells are however detected in higher quantities during inflammation than in the steady state. This indicates that GM-CSF remains dispensable in steady state conditions, but serves to bean important differentiation factor for DCs in the inflammatory situations [83] . On the other hand, Flt3L expressed by activated T cells and tissue stroma cells in the soluble or membrane bound form is indispensable for development of pDCs and DCs residing in lymphoid organs [84] .
FLT3L and transcriptional programing
Flt3L drives the development of immature DCs [85, 86] . Therefore Flt3L has been used therapeutically to treat autoimmune disease [87, 88] ). On the other hand when Flt3L is used to expand DC numbers and is given with a TLR adjuvant to mature DC, Flt3L can enhance DC priming [42, 89] . In some contexts, Flt3L treatment of DCs also contributes to entry of T cells into tumors [90, 91] but close attention must be paid to contexts in which TLR adjuvant was given to mature DC.
Other transcription factors like E2-2 have been documented to induce pDC development [92] , while RelB (NF-κβ/Rel family member) and Batf3 have been linked to CD8α − cDC and CD8α + cDC development respectively [93, 94] . These transcription factors may act either in early DC development or are involved in the differentiation of late DC subsets.
PU.1 (encoded by Sfpi1) is a transcription factor belonging to ETS group of DNA binding proteins that lies upstream of GM-CSF and Flt3, and induces DC commitment through both pathways in both steady and inflammatory conditions [68, 95] . Mice deficient in PU.1 hematopoietic cells have abrogated DC differentiation from myeloid progenitors [95] . Gfi-1 (a transcriptional repressor) has also been documented to antagonize PU.1 function by repressing the Sfpi1 gene which then displaces PU.1 from positive autoregulatory elements in multipotential progenitors thereby resulting in DC generation rather than the predefined macrophage fate [96] . Deletion of the zinc finger Gfi-1 which regulates STAT3 activation also leads to deficiencies in lymphoid and myeloid DCs in all lymphoid organs, but increases LC numbers instead [97] .
Zbtb46 transcription factor (from the zinc finger family, also known as Btbd4 or zDC) is an evolutionary conserved protein and its expression is highly restricted to cDC lineage among immune cells, apart from its presence in erythroid progenitors and endothelial cells. Expression of Zbtb46 starts at the pre-cDC stage of development and continues to be expressed on CD8 + and CD11b + cDCs in spleen, CD103 + and some CD11b + cDCs in non-lymphoid tissues, whereas remain absent in pDCs and macrophages [70, 98, 99] [101, 102] . Irf-8 knockout mice lack major DC subsets such as CD8α + DCs, LCs and pDCs [103, 104] [ Fig.1] . DC differentiation by GM-CSF is dependent on IRF-4 signaling while Flt3L preferentially require IRF-8 (also known as ICSBP, interferon consensus sequence-binding protein) [102] .
Transcription factors that belong to the basic helix-loophelix (HLH) family of E proteins (E12, E47, HEB, E2a, E2-2) bind on the sequence CACCTG E-box as homodimers or heterodimers. These E proteins are activators of transcription and their function can be inhibited by another HLH family of proteins called the inhibitors of DNA binding (Id) proteins which sequesters E proteins and prevent their binding to target sites [23, 105] . E2-2 deletion in mice has led to ablation of pDC development and haploinsufficiency of E2-2 (PittHopkins syndrome) in rare human patients showed impaired pDC formation [92] . E2-2 may be regarded as a master regulator in pDC development as they bind to signature genes such as Irf7,Irf8, SpiB and BDCA-2 [23] . Id2−/− mice on the other hand show increased levels of pDCs, but lack LCs and have severely reduced CD8α + cDCs [106] . Transforming growth factor beta (TGF-β1) has been shown to induce Id2 expression, thereby revealing the association of TGF-β deficient mice with LC deficiency that was observed in Id2−/− mice [106] . Unlike PU.1, deficiency of Spi-B transcription factor only affects pDC development. Over expression of Spi-B on the other hand impairs Id2 expression and enhances E2-2 activity, indicating that Id2 acts as a regulator of the pDC/cDC balance [107] . Ablation of Spi-B expression abrogated the ability of E2-2 to induce pDC differentiation showing that E2-2 and Spi-B act jointly towards the development of pDCs from its precursors in humans [107] .
The bZIP transcription factor Batf3, also known as Jun dimerization protein p21SNFT represses NFAT-AP1 activity by dimerizing with Jun and inhibiting Jun-Fos heterodimer formation. Batf3 is more highly expressed in DCs than other immune cells and plays a pivotal role in the development of migratory CD103 + CD11b − cross-presenting DCs in peripheral tissues such as skin [108] . Although mice with Batf3 deletion have shown reduced CD8α + DCs in the spleen, there are now reports that absence of Batf3 does not decrease the CD8α + DC population but affects their cross-presentation of antigens to CD8 + T cells [94] . Lack of another transcription factor called Runx3 (runt domain family) impairs TGF-β mediated inhibition of DC maturation and leads to defect in LC development [109] .A list of the various factors guiding DC subset development in various tissues has been described in Table 1 .
The life span of steady state DCs also has an influential role in maintaining immune homeostasis and its disruption may lead to autoimmune disorders. Deficiency in apoptotic inducing genes, overexpression of anti-apoptotic genes and inactivation of Fas-induced death signaling disrupts the normal DC function and causes disorders [2] .CD11b hi regulatory DCs show high Fas expression and TGF-β produced by the surrounding stromal cells could induce high Fas expression on these regulatory DCs through ERK activation [121] .There thus exists a multitude of fators that control DC maturation in homeostatic and inflammatory conditions.
DCs dendritic cells, cDCs conventional DCs, pDCsplasmacytoid DCs, LCs langerhans cells, Id inhibitor of DNA binding, GM-CSF granulocyte macrophage colonystimulating factor, M-CSF macrophage colony-stimulating factor, MDPs macrophage dendritic cell progenitor, CDPs common dendritic progenitors.
Central tolerance
DCs maintain central tolerance by mediating negative selection of self antigens in the thymus resulting in either removal of autoreactive T cells or are rendered innocuous by tolerance induction [122] . Circulating DCs migrate to the medulla region of thymus through a three-step mechanism that involves P-selectin adhesion, interaction of VLA-4 integrin with VCAM-1 ligand and signaling by chemoattractant sensitive to pertussis toxin [122] . Thymic dendritic cells (TDCs) contribute to Treg induction in vivo and more interestingly, even peripheral DCs can migrate to the medullary region of thymus to efficiently induce Treg development and deletion of self Cytokine receptors FLT-3
Fms-like tyrosine kinase 3 receptor Required for cDC and pDC generation in lymphoid organs cDCs and pDCs [66, 67] Lymphotoxin β receptor (LTβR) TNF receptor family LTβR signaling regulates migration of cDCs in the spleen Splenic cDCs [119, 120] reactive thymocytes [123] . IL-7 like thymic stromal lymphoietin (TSLP) expressed by Hassall's corpuscles in the thymus medulla induces the tolerogenic phenotype on DCs rendering them the ability to convert naïve T cells into CD4
Treg cells [124, 125] . Plasmacytoid DCs in the human thymus can also induce the development of Tregs which produce IL-10 more efficiently than Tregs generated by TDCs [126] . However, in the extra-thymic sites such as the skin and lung, TSLP promotes Th2 response apart from Treg induction suggesting that other unknown factors also contribute to the DC function in the thymus [127] . One answer to the debate that whether DC maturation in the homeostatic state is a stochastic or a defined process comes from a recent finding by Ardouin et al., where it was shown that there is a functional convergence of the transcriptomic signals during maturation of the homeostatic XCR1+ thymic DCs and DCs induced by PRRs (pattern recognition receptors) [128] . XCR1+ thymic DCs also expressed unique interferonstimulated gene (ISG) signature than XCR1+ DCs of peripheral origin [128] .
Peripheral tolerance
Self-antigens presented on MHC to autoreactive T cells that have escaped thymic selection pose a potential threat to the immune balance. To avert the breach of immune homeostasis by these autoreactive T cells, a second tier of peripheral tolerance exist in which DCs likely provide a major contribution in the tolerance induction. Tolerogenic DCs may be naïve immature cells or alternatively activated cells that exhibit resistance to maturation even in the presence of an inducing signal. Immature DCs (iDCs) express high levels of CCR1, CCR2, CCR6, CCR5, CCR7, CXCR1, CXCR2, FcγRII, DEC-205, TLRs, PD-L1 molecules and have lower expression of MHC-II and other co-stimulatory molecules such as CD40, CD80, CD86, CD52 and PD-L2 [129] [130] [131] .
On encountering danger signals, splenic CD8α − DCs migrate to the T cell zone of the spleen and as with CD8α + DCs, they express high levels of MHC, co-stimulatory molecules and cytokines such as IL12p70 to induce naïve and memory T cell activation. CD40 present on the cell surface of these DCs interact with CD40L expressed by activated T cells and induces further maturation of both the DC subtypes. Matured CD8α − DCs induces Foxp3 + CD4 + CD25 + regulatory T cell (Treg) expansion. This provides an inhibitory loop for excessive T cell response and a means to maintain peripheral tolerance against self antigens which are presented by the same DCs that also capture foreign antigens [19] . Contrastingly in the steady state, DCs have a quiescent or semi-mature nature wherein they capture and process exogenous antigens, and fail to induce naïve T cell activation. Instead they promote T cell anergy and regulatory T cell expansion. Known mechanisms by which DCs induce peripheral tolerance include by (i) enhancing the synthesis of indoleamine 2,3-dioxygenase (IDO), (ii) inducing and maintaining T cell anergy through the expression of programmed cell death ligand 1 (PDL-1) and (iii) promoting deletion of T cells that are antigen specific through upregulated expression of CD95L (FasL) or TRAIL (TNFrelated apoptosis-inducing ligand) [132] . Tolerance induction by IDO requires the ligation of B7-1/B7-2 (CD80/CD86) present on DC subsets with soluble or membrane bound form of CTLA4 (cytotoxic T-lymphocyte antigen 4, also known as CD28) expressed by T cells [133, 134] . IDO is a rate-limiting enzyme that catalyzes the degradation of the essential amino acid tryptophan into various tryptophan-derived metabolites which then inhibits T cell proliferation by impairing the cell cycle machinery and promotes T cell apoptosis [135, 136] .However, IDO is not constitutively expressed in DCs and requires induction by multiple mediators. In addition to IFN-γ, IDO can be induced by TGF-β, endotoxin, TNF, IL-1 and may be inhibited by cytokines such as IL-6 that downregulates expression of CD119 (IFN-γ receptor chain) [3, 19, 135] . Some reports indicate induction of IDO during inflammation is largely secondary to IFN-γ dependent effects [137] . Depletion of tryptophan increases the inhibitory receptors ILT3 and ILT4 (Immunoglobulin like transcripts) expression on DCs which then favor the upregulation of CD4 + CD25 + Foxp3 + Tcell suppressor function [138] . This tolerogenic property induced upon DCs as a result of tryptophan deficiency is associated with GCN2 (general control non depressing 2) kinase mediated stress response pathway [138] . Although low tryptophan level may seem to hamper the normal inflammatory functions, its presence in autoimmunity balances the peripheral tolerance. Apart from IDO, DCs can also produce the enzyme heme oxygenase-1 (HO-1) that degrades heme and produces carbon monoxide (CO) which inhibits DC mediated inflammation [139] . The antiinflammatory effect of HO-1 may be induced through Treg activation [140] , although the exact mechanism still needs to be further studied. It was previously observed that PD-L1, IDO, and Fas expression is particularly enriched in tissue derived DCs as compared to their LN counterparts [42, 70] . Thus regulation of DC function in vivo may relate to tissue specific programing at sites of active self antigen release.
Cross-presentation ability of DCs
DCs are the main cross-presenting cells to present exogenous antigens on MHC Class I molecules to initiate cytotoxic T cell immune responses. However, cross-presentation not only induces an inflammatory response, but can also generate T cell tolerance. Under non-inflammatory or steady state conditions, constitutive cross presentation of self-antigens or tissueassociated antigens by immature CD8α + DCs induce inactivation and/or deletion of proliferating CD8 + T cells [141] [142] [143] . As such cross presentation of self antigens limits the chances of autoimmunity. Various studies have documented that Batf3 dependent DC subsets are better cross-presenters than other subsets [144] . In tissues such as lungs and skin, cross-presentation is limited to DC subpopulations that express Langerin and CD103 molecules [145, 146] . These CD103 expressing DCs are also present in lymph nodes and their exact mechanism of cross presentation still remains unclear [147] .The proposed mechanism of efficient crosspresentation by DCs has been associated with the recruitment of lower levels of lysosomal proteases in their phagosomes [148] . As a result, there is substantial decrease in the rate of degradation of internalized proteins. Another series demonstrated that DCs have a lower acidic pH in their endosomes and phagosomes than macrophages. This is due to both deficiency of V-ATPase assembly in lysosomes [149] as well as high recruitment of NADPH NOX2 in phagosomes and endosomes of immature DCs [150] . NOX2 generates high level of reactive oxygen species (ROS), which consumes the protons, and makes the endocytic compartment of DCs alkaline. This alkalinity results in degradation of internalized proteins at a lower rate than other phagocytes and facilitates peptide loading on MHC-I [147] . Indeed, NOX2 deficient DCs have observed fall in pH, increase in proteolysis and decrease in the effectiveness of cross-presentation. The role of DCs in inducing tolerance through cross-presentation however needs to be more precisely evaluated to develop therapeutic targets for autoimmune diseases. However Flt3L which selectively skews DC development towards an increase in crosspresenting DCs in spleen [85] or in LN [42] may be useful in the absence of an adjuvant to induce tolerance.
Interaction of DCs with other immune cells Treg cells and DCs
Tregs that induce tolerance or immunosuppressive functions are broadly categorized based on origin. Natural Tregs (nTregs) that develop in the thymus during fetal development while adaptive Tregs (aTregs) originate in non lymphoid organs such as SLOs [3, 151] . Foxp3 transcription factor which guides the suppressive programming of T cells gets upregulated in naïve T cells upon self antigen recognition in the thymus during development [152] . These self-antigens either appear during development, appear in the post-natal period, or are transported to the thymus from the periphery by migrating DCs [122, 153] . Tregs express a plethora of anti-inflammatory cytokines such as TGF-b, IL-10, IL-35 and/or inhibitory receptors like CTLA4 (cytotoxic T-lymphocyte antigen 4), GITR (Glucocorticoid induced tumor necrosis factor receptor), LAG-3 (lymphocyte activation gene 3), CD73, CD39 among several others [154, 155] .
The role of DCs in regulating the tolerogenic or inflammatory function of T cells is dependent on their maturation and antigen presenting capability. Immature DCs in the absence of any maturation signal induces naïve T cells to differentiate into the fork head box P3 (Foxp3) expressing regulatory T cell (Treg) or regulates the function of already differentiated Treg cells [156, 157] . In such cases, even the presence of antigens in the lymphoid organs did not alter the regulatory functions of Treg cells and led to antigen specific tolerance. To induce T cell effector responses, DCs provide three concomitant input signals which includes antigen display by MHC-II molecules, co-stimulatory signals such as CD40, CD80, CD86, CD275, OX40L and cytokines (IL-2, IL-1β, IL-12, IL-6, IL-8, IL-18) generated by DCs or other cells in the surrounding milieu [3, 158] . A major mechanism by which immature DCs induce their tolerogenic function is by presenting antigen to T cells without additional costimulation or cytokine environment. iDCs usually express low levels of MHC-II and costimulatory ligands and receptors. However, immature dendritic cells when exposed to high levels of TNF-α, IFN-γ or manipulated to cause E-cadherin inhibition or CCR7 upregulation develop into mature DCs phenotypically and not functionally. Such treated DCs induce naïve T cells to differentiate into adaptive Treg cells (aTregs) [3, 159] . Although CCR7 upregulation is predominant in matured DCs, it has been seen that few iDCs residing in the peripheral tissues such as skin also express CCR7 which allows them to migrate to nearby lymph nodes and favor Treg development [8, 160, 161] . In fact CCR7 deficient iDCs show impaired migration that leads to compromise in tolerance induction [7, 162] . Thus, tolerance induction is not only due to lack of costimulatory or cytokine signaling, but is also dependent on prior exposure of iDCs to tolerance inducing maturation signals. A different type of DCs called the exhausted DCs (exDCs) have also been observed in vitro after extended exposure to LPS signals. These exDCs unlike the matured DCs have lost their ability to induce T cell maturation, and instead produce anti-inflammatory cytokines such as IL-10 which elicitsT H 2 and non-polarized memory T cell responses [163, 164] . These exDCs thus induces a state of endotoxin or cross-tolerance. However, the role of exDCs in inducing Treg responses in vivo still needs to be elucidated.
The anti-inflammatory cytokine IL-10 that is generated in the surrounding microenvironment in tolerogenic conditions by leukocytes and other structural cells such as intestinal epithelial cells (IECs) can induce immature DCs to develop into tolerance inducing DCs in the peripheral tissues. These DCs themselves acquire the ability to generate IL-10 and migrate to neighboring lymphoid organs where IL-10 produced by the DCs regulates the development and proliferation of Treg cells [3] . IL-10 induces the expression of specific genes such as SLAM (signaling lymphocytic activation molecule) and SOCS3 (suppressor of cytokine signaling 3). SOCS3 deficiency prolongs STAT1 and STAT3 activation after IL-6 stimulation but have normal activation of STAT1 after stimulation with interferon-gamma (IFN-gamma). Conversely, cells deficient in SOCS1 exhibit prolonged IFN-γ induced STAT1 activation suggesting that SOCS1 and SOCS3 display reciprocal functions [165] . IL-6 inhibits the suppression induced by Treg cells [166] , thus highlighting that SOCS3 which negatively regulate IL-6 prolongs Treg function. IL-10R induced expression of SLAM activates src homology 2 domain containing protein tyrosine phosphatase 1 (SHP-1) that dephosphorylates the cytoplasmic tail of costimulatory receptors (CD28, CD2, ICOS) and deactivates their function [167, 168] .
Severe cases of autoimmunity have been documented in animals lacking functional iDCs, possibly due to reduction in Treg function [3, 169] . Deficiency in TGF-β activating αvβ8 integrin or inactivation of TGF-β receptor signaling disrupts the tolerance inducing nature of DCs and causes autoimmune diseases [170, 171] . DCs and Tregs have also been shown to display a regulatory feedback loop in maintaining immune homeostasis. Loss of DCs either decreased Treg cells or reduced the expression of Foxp3 in Tregs, which in turn led to secretion of IFN-γ and IL-17 by Treg cells so as to restore the dying DC population [172] .
B regulatory cells (Bregs) and DCs
Apart from inducing proliferation and activation of naïve and memory B cells, DCs have also been reported to induce regulatory B cell function and induce tolerance [131, 173] . Under inflammatory conditions, cDCs normally produce IL-12 that induces follicular B cells to develop into IL-12 and IFN-γ producing effector cells [174] . However in the process of maintaining peripheral tolerance, regulatory DCs can induce the differentiation of splenic B cells into IL-10 producing CD19 hi FcγIIb hi Breg cells which inhibit CD4 T cell response [175] . Both bone-marrow and primary lung derived DCs have also been able to suppress IgE production in B cells by class switch recombination and hence play significant role in inducing B cell regulatory function [176] .
NK-T cells and DCs
iNKT (invariant natural killer T) cells can also induce peripheral tolerance and dampen immune responses to prevent autoimmune disorders such as rheumatoid arthritis, systemic lupus erythematosus, multiple sclerosis and type 1 diabetes [18] . The contact of iNKT cells with immature DCs through CD1d receptor triggers phenotypic maturation of DCs towards tolerogenic type that promote Treg differentiation by secreting high levels of IL-10 and prevent autoimmunity [177] .
Mast cells and DCs
Mast cells (MCs) that induce allergic reactions also contribute to immune homeostasis either through their mechanism of inducing Treg immunosuppressive functions or by conditioning immature DCs to migrate to regional lymph nodes where they suppress T cell inflammatory responses [178] [179] [180] . Local production of GM-CSF and TNF-α by MCs causes increased migration of tolerogenic DCs to the peripheral lymph nodes [178] . However, the direct role of MCs in inducing DC differentiation into the tolerogenic type is mediated after direct contact of MCs with iDCs. Interaction of PD-1 expressing MCs with PD-L1 and PD-L2 expressing iDCs led to increased synthesis of IDO in immature DCs which further activated the non-canonical NF-κβ and STAT-3 pathway in iDCs that are associated with induction of regulatory T cell functions [181] .
DC targeted vaccines
Due to the inherent tolerogenic nature of DCs, they are often considered as therapeutic targets or vaccines in autoimmune and transplantation related diseases (GvHD). Exposure of DCs to pharmacological agents such as vitamin A, vitamin D3, rapamycin, cyclosporine A, dexamethasone or growth factors and cytokines like TGF-β, TNF, IL-10 induces the semi-mature type of DCs that become phenotypically matured but exhibit immunosuppressive functions [131] . Such tolerogenic DCs show marked prospects in reducing autoimmune disorders, increasing allograft survival and inhibit GvHD following stem cell transplantation.
Immunosuppressants such as glucocorticoids bind to glucocorticoid receptors (GR) in DCs and instruct glucocorticoid response elements (GRE) to negatively regulate the activity of the canonical NF-κβ family and the inflammatory cytokines [182] . DCs on acquiring maturation signals normally induce the phosphorylation of Iκβ (inhibitor of NF-κβ) by inhibitor kinase β (IKKβ) and releases p65 (or Rel-A) for nuclear translocation. However during tolerogenic induction, NIK (NFκB-inducing kinase) and IKKα are activated towards Rel-B dimer formation thereby resulting in the inhibition of the canonical NFκβ pathway [183, 184] . Glucocorticoids induce naïve DCs to convert into the tolerogenic type by operating through this NF-κβ pathway. Small molecules that act as antagonists of NF-κβ and IKKβ function also exhibit a pivotal role in inducing Treg suppressor functions through tolerance inducing DCs and thus assist in reducing autoimmune encephalomyelitis, allograft rejections and other autoimmune diseases [3, 185, 186] . In parallel to this view, deletion of IKKβ (an activator of NF-κβ) prevented the accumulation of migratory non-lymphoid tissue DCs (NLT-DCs) in lymph nodes and attenuated the formation of regulatory T cells in vivo, summarizing that a NF-κβ dependent pathway exists for the development of tolerance inducing DCs [11] .
However, administration of immunosuppressants following transplantation is critical to attain therapeutic benefit as few suppressive agents can limit the total population of peripheral DC cells along with T cells. Use of costimulatory signaling inhibitors in this respect might serve as better option as they neither impair nor promote the DC mediated Treg activation. For example, patients treated with Belatacept or CTLA4-Ig (a B7-CD28 co-stimulaion blocking molecule) increased HLA-G plasma level in renal transplant patients than calcineurin inhibitor treated individuals. DCs served as the source of HLA-G in these patients and interaction of ILT-4 with HLA-G suppresses T cell stimulation [187] . Tolerogenic DCs that are antigen specific can also be generated in vitro and administered to patients with immune dysfunction. However, issues like timing, dose, route of administration and type of DC subsets to be used for tolerance induction needs to be carefully examined before designing such immunosuppressive regimens [21, 188] . CDX-301, a recombinant human Flt3L type molecule with similar amino acid sequence and activity has shown effective increase in peripheral monocytes, hematopoietic stem cells as well as in myeloid DCs and pDCs in healthy volunteers [189] . The potential of Flt3L as a therapy in transplantation has already been documented in murine models and with human trials still to be performed. [190] .
While DCs are exploited for their inherent ability to induce tolerance in autoimmunity and graft transplantation, this activity remains a barrier to cancer therapy. In such cases, inhibitory molecules that will alleviate development of tolerance inducing DC and favor inflammation inducing mDC differentiation may prove beneficial. The role of tolerogenic DCs and immunogenic DCs as targeted vaccines in allograft survival and in cancer immunotherapy are summarized in Fig. 2 .
Future perspectives
Homeostasis encompasses the notion that the immune system must both activate a response and restore and preserve tolerance. Tolerogenic activity by DCs regulates dysfunction and likely prevents allergies, asthma, autoimmunity, and transplant rejection. The stable tolerogenic disposition of DCs must be maintained even under the influence of maturation signals. These DCs achieve suppressive functions by either inhibiting T cell based inflammation or by activating regulatory T cells. However, the existing knowledge on DC induced suppression of immune response and the factors regulating DC differentiation are still incomplete. Studies on the effect of cytokines in DC development may address key questions related to how the immune balance is maintained. In depth studies on the cross-presenting ability of DCs and tolerance induction might + T and CD8 + T cells, which then initiate anti-tumoral immunity provide another facet of DC biology. Understanding the spatiotemporal regulation of DC populations during an in vivo response will also help to understand how these divergent roles are orchestrated. Modulating DC functions by cellular therapy or by novel drugs may serve as a better means of inducing immune suppression rather than the use of traditional immunosuppressants that elicit detrimental effects on immune cells and compromises immune defense against cancer or pathogenic attack. Tolerance inducing DC based therapy may thereby provide a safer approach of achieving immune suppression. Although this aim of achieving clinical translation is promising, undefined gaps in our knowledge of DC tolerance, require exploration before we can derive full benefit in therapies. 
